The article reports a recent study on heat flux of the top heat mode closed looped oscillating heat pipe with check valves (THMCLOHP/CV). An experimental system was evaluated under normal operating conditions. The THMCLOHP/CV was made of a copper tube with an inside diameter of 2.03 mm. The working fluid was water, ethanol and R123 with a filling ratio of 30%, 50% and 80% with respect to the total volume of the tube. The angles of inclination were 20°, 40°, 60°, 80°and 90°from the horizontal axis. The number of turn was 40 turns and 2 check valves. Three lengths of evaporator investigated were 50, 100 and 150 mm. The operating temperatures were 45°C, 55°C and 65°C. Experimental data showed that the THMCLOHP/CV at evaporator length of 50 mm gave a better heat flux with filling ratio at 50% when using R123 as working fluid and the operating temperature of 65°C at angles of inclination of 90°. It was further found that an evaporator length of 50 mm was superior in heat flux over other length in all experimental conditions under this study. Moreover, the presence of operating temperature had clearly contributed to raise the heat flux of THMCLOHP/CV, but the heat flux had decreased when evaporator length increased.
Background
The closed loop oscillating heat pipe had a check valve (CLOHP/CV). The heat transfer of this CLOHP/CV occurred because of the self-sustaining oscillatory flow using a vapour or liquid circulation cycle between the heating and cooling sections: latent heat is transferred. Under normal operating conditions, the liquid and vapour are effectively separated into two parts with the liquid in the cooling regions and the vapour in the heating regions. The liquid forms U-shaped columns in individual turns, and these oscillations form waves. Under such flow conditions, the effective heat transfer area is limited by the amplitude of the waves. When the amplitude of oscillatory flow is sufficient and the heat transfer area is not included in the waves, effective working fluid supply to the heat transfer area cannot be obtained and heat transfer cannot be maintained. However, the installation of check valves in the closed loop eliminates this operating limit whereby a single-direction flow is imposed and the heat transfer area is not restricted by the amplitude of the oscillatory flow. The advantages of a CLOHP/CV are its properties of transferring heat in any orientation, its faster response and its internal structure. Miyazaki et al. (2000) studied the oscillating heat pipe including a check valve under normal operating conditions; the liquid and vapour are effectively separated into two parts with the liquid in the cooling region and the vapour in the heating region. The liquid forms U-shaped columns in individual turns and these oscillations form waves. When the amplitude of oscillatory flow is insufficient and the heat transfer area is not affected by the waves, an effective working fluid supply to the heat transfer area cannot be obtained and the heat transfer cannot be maintained. This operating limit is peculiar to oscillating heat pipes. Charoensawan and Terdtoon (2008) investigated the thermal performance of a horizontal closed loop oscillating heat pipe (HCLOHP) at normal operating conditions. The HCLOHPs tested were made of copper capillary tubes with various inner diameters, evaporator lengths and number of turns. The working fluids used within the HCLOHPs were distilled water and absolute ethanol, which were added into the tubes to various filling ratios. The thermal performance of a HCLOHP improves by increasing the evaporator temperature and decreasing the evaporator/effective length. The best performance of all the HCLOHPs occurred at the maximum number of 26 turns. ) investigated the thermal performance of various horizontal closed loop oscillating heat pipe systems with check valves (HCLOHPs/CVs). The results showed that the heat transfer performance of an HCLOHP/CV system could be improved by decreasing the evaporator length. The highest performance of all tested systems was obtained when the maximum number of system check valves was 2. The maximum heat flux occurred with a 2-mm inner diameter tube, and R123 was determined to be the most suitable working fluid. Rittidech et al. (2007) studied the heat transfer characteristics of CLOHP/CV. The inclination of the CLOHP/CV used in the experiments was 90°C to the horizontal. The experimental results showed that the heat flux increases with an increase of ratio of check valve (R cv ) and decreases with an increased aspect ratio. However, it normally performs better when oriented vertically. Unfortunately, vertical orientation from a horizontal is not always practical. For example, top heat mode orientation is commonly favoured in cooling electronic devices, humidity control in air conditioning systems, etc. Despite these common applications, limited reliable experimental research findings are available on the operation of a top heat mode closed loop oscillating heat pipe with check valves (THMCLOHP/CV) (see in Figure 1 ). In response to the lack of detailed data, this study focuses on determining the actual thermal performance of such a system.
There are indications that exploratory research are indeed required to study the filling ratio, working fluid, length of evaporator section, operating of temperature and angle of inclination of these on top heat mode in engineering systems. Furthermore, this article aims to study heat flux behaviour of THMCLOHP/CV.
Methods

Check valves
The check valve (Figure 2 ) is a floating type valve that consists of a stainless steel ball and copper tube, in which a ball stopper and conical valve seat are provided at the ends of the check valve's case: a conical valve seat is provided at the bottom of the case and a ball stopper is provided at the top of the case, respectively. The ball can move freely between the ball stopper and conical valve seat. A conical valve seat contacts the stainless steel ball in order to prevent reversal of the flow of the working fluid. The ball stopper allows the working fluid to travel to the condenser section for transferring heat.
Experimental setup
An important factor that has to be considered in building a THMCLOHP/CV is the design of the tube diameter. For this research, the maximum inner diameter of CLOHP/CV can be defined in Equation 1 (Zorigtkhuu et al. 2006) .
where, d i,max is the maximum inner diameter of the capillary tube (m), σ is the surface tension of the fluid (N/m), ρ i is the liquid density (kg/m 3 ) and g is the gravitational acceleration (m/s 2 ). The working principle of the THMCLOHP/CV and the oscillation in the THMCLOHP/CV rely on three driving forces, surface tension, gravity force and oscillating force. These forces are influenced by many parameters. The gravity force is influenced by the inclination angle of the device; the physical features such as diameter size and evaporator section length can have a significant effect on the surface tension, and the heat flux has great effect on the oscillating force. Figure 3 shows an experimental setup which consists of a THMCLOHP/CV with the lengths of evaporator and adiabatic (which is equal to condenser sections) of 50, 100 and 150 mm. The selected THMCLOHP/CV was made of copper tubes with an internal diameter of 2.03 mm. The evaporator section was heated by a heater and cooled by air and then air inlet flow into the condenser section, while four points of thermocouples (OMEGA type K) were installed at the inlet and outlet of the condenser section to determine the heat transfer rate. The temperature probes were installed at four points on the high temperature copper tube of the evaporator and at one point for ambient to determine the heat loss. A temperature recorder (Yokogawa DX 200 with ± 0.1°C accuracy, 20 channel input and −200°C to 1,100°C measurement temperature range) was used with type K thermocouples (Omega with ± 1°C accuracy) to monitor all temperatures at specified times.
During the experiment, the inclination angles were set at 20°, 40°, 60°, 80°and 90°from the vertical. The controlled parameters included a tube internal diameter of 2.03 mm, and ethanol and pure water as the working fluid. The variable parameters were the lengths of evaporator 50, 100 and 150 mm and the working temperatures of 45°C, 55°C and 65°C, respectively. The experiment was conducted as follows: the THMCLOHP/CV was set into the test rig, the temperature of the heater and air inlet was set at the required value and inlet air was supplied to the jackets of the condenser section. After reaching steady state, a continuous temperature was recorded by the data logger. In order to experiment with a wide range of aspect ratios, the following parameters were set corresponding to those shown in Table 1 to formulate the heat transport characteristics of the THMCLOHP/CV.
The working principle of the THMCLOHP/CV and the oscillation in the THMCLOHP/CV relies on three driving forces: surface tension, gravity force and oscillating force. These forces are influenced by many parameters. The gravity force is influenced by the inclination angle of the device. The physical features, such as diameter size and evaporator section length, can have a significant effect on the surface tension. Additionally the heat flux has a great effect on the oscillating force. The temperature change of the condenser section's air inlet and air outlet was measured to calculate the heat flux of THMCLOHP/CV. The heat transfer rate of THMCLOHP/CV at the condenser section can then be calculated by Equation 2 as follows (Incropera and Dewitt 1996) :
where, Q is the heat transfer rate (W), m Á is the mass flow rate (kg/s), C p is the specific heat capacity constant pressure (J/kg·C), T out is the outlet temperature of the condenser section and T in is the inlet temperature of the condenser section. In this experiment, the heat flux was calculated using Equation 3 as follows :
where A c is the all outer surface area of the tube in the condenser section (m 2 ), Q is the heat transfer rate (W), D o is the outside diameter of the capillary tube (m), L c is m) and N is the number of meandering, thus, the calculating standard uncertainty for a type A evaluation. When a set of several repeated readings were taken (for a type A estimate of uncertainty), x (arithmetic mean) and SD (standard deviation) can be calculated using Equations 4, 5 and 6 as follows (Beirlant et al. 2004; Hibbeler 2004) ; X ¼ X 1 þ X 2 þ :::::X n n s ð4Þ
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where 'n' is the number of measurements in the set. The calculating standard uncertainty is a type B evaluation as follows as Equation 7 (Hibbeler 2004; Beirlant et al. 2004) .
where 'a' is the semi-range (or half-width) between the upper and lower limits. The combined standard uncertainty was calculated by type A and type B evaluations can be combined, shown by u c in Equation 8 (Hibbeler 2004; Beirlant et al. 2004) .
Expand uncertainty, shown by the symbol U.
A particular value of coverage factor gives a particular confidence level for the expanded uncertainty. Most commonly, overall uncertainty was obtained using the coverage factor k = 2 to give a level of confidence of approximately 95%. Some other coverage factors (for a normal distribution) are as follows (Beirlant et al. 2004; Hibbeler 2004 The uncertainty analysis for this study is shown in Table 2 . and a working temperature of 55°C at inclination angles of 20°, 40°, 60°, 80°and 90°. In Figure 4 , the effect of the angle of inclination of the THMCLOHP/CV on the heat flux at an evaporator length of 50 mm was remarkable; the heat flux at 80°using R123 as working fluid was higher than other angles of inclination. Therefore, the best value of heat flux of all was 1,150.53 W/m 2 . It can be concluded that the maximum heat flux is obtained when using R123 as the working fluid. It was found that, the heat flux for a filling ratio of 50% was the highest heat flux. In Figure 5 , the results of heat flux were similar to the results at an evaporator length of 100 mm. The heat flux at 80°using R123 as working fluid was higher than the other angles of inclination. The best heat flux with an evaporator length of 100 mm was 697.23 W/m 2 . It can be concluded that the maximum heat flux is obtained using R123 as the working fluid. It was found that heat flux for a filling ratio of 50% was the highest heat flux. In Figure 6 , the results of heat flux were similar to the results of those with an evaporator, length of 150 mm. The heat flux at 90°using R123 as working fluid was higher than other angles of inclination. The best heat flux at an evaporator length of 150 mm was 309.29 W/m 2 . Thus, the maximum heat flux was obtained when using R123 as the working fluid. It was also found Figure 5 Angle of inclination of THMCLOHP/CV on the heat flux at length of evaporator 100 mm.
Results and discussion
Effect of inclination angles on heat flux
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Page 6 of 10 http://www.springer.com/40712/content/1/1/5 that the heat flux for a filling ratio of 30% was the highest. When the L e increased, then the heat flux clearly decreased Xu et al. 2005) . Moreover, the angle of inclination of THMCLOHP/CV affected the heat flux because of the gravitational head (Dobson 2004; Bhuwakietkumjohn et al. 2012) . It depended on fluid density, acceleration from gravity force, tube length and a corner of THMCLOHP/CV to the horizontal line. At the top heating mode, it is hard for the working fluid to flow back to the evaporator section to form steady circulation and resulted in bad heat transfer performance of the THMCLOHP/CV, thereby increasing thermal resistance (Reay and Kew 2006; Bhuwakietkumjohn and Rittidech 2010) . The gravity has a significant influence on the characteristics of heat transfer (Bhuwakietkumjohn and Rittidech 2010; Dobson 2004 ).
Effect of filling ratio on heat flux
The filling ratio also had a significant influence on the characteristic of heat transfer. Figure 7 shows the comparative heat flux rates among three filling ratios with L e of 50, 100 and 150 mm. The maximum heat flux occurred at 50% filling ratio with L e of 50, 100 and 150 mm and was shown as 1,150.53, 707.23 the heat flux of the THMCLOHP/CV was compared between R123, ethanol and water. It can be observed that the heat flux experienced a peak as a function of the filling. The optimum filling ratio for the addition of working fluid in the THMCLOHP/CV was 50% in which critical slung flow patterns occurred and the highest heat flux was achieved (Bhuwakietkumjohn et al. 2012; Bhuwakietkumjohn and Rittidech 2010; Thongdaeng et al. 2012) .
Effect of operating temperature on heat flux
Dependence of the operating temperature on the heat flux of THMCLOHP/CV filled with the water, ethanol and R123 is shown in Figure 8 . Also shown are the data for working fluid. In all cases, the R123 shows superior performance than other working fluid. The maximum heat flux of 1,480 W/m 2 has occurred with the R123 at the operating temperature of 65°C with L e of 50. It can be observed that that the filling ratio has no effect on the ratio of heat flux in the THMCLOHP/CV, but the properties of the working fluid affected the heat flux which depends on the operating temperature (Reay and Kew 2006; Parametthanuwat et al. 2010; Ma et al. 2006) .
Effect of working fluid on heat flux
Their properties are different with respect to their density, surface tension and latent heat of vapourization (Reay and . Concerning these three properties, the latent heat of vapourization is the major property that has the greatest effect on the motion of the liquid slugs and vapour bubbles in a tube, as well as in the heat transfer rate of the HCLOHP/CVs of Rittidech et al. (2010) . Therefore, if the working fluid changes from water and ethanol to R123, the heat flux increases; these are shown in Figures 4, 5, 6 . This may be because of R123 that has a low latent heat of vapourization, as well as the fact that the boiling point of R123 is lower than those of the the water and ethanol (Dunn and Reay 1982; Incropera and Dewitt 1996; Bhuwakietkumjohn and Rittidech 2010) . The boiling point is an important parameter for the THMCLOHP/CV working temperature and performance. If the boiling point is low, the THMCLOHP/CV will work at low temperatures Thongdaeng et al. 2012; Koito et al. 2009 ). However, the latent heat and boiling point of the working fluid also has an effect on THMCLOHP/CV performance.
Effect of evaporator length on heat flux
In this experiment, the evaporator, adiabatic and condenser were of equal length. This research will concentrate on studying the effect that length of evaporator has on the heat flux of THMCLOHP/CV. The experimental results clearly present the effect length of the evaporator has on heat flux. Figure 9 shows the experimental results, which can be compared to those of Rittidech et al.'s (2010) , of horizontal heat mode (HCLOHP/CVs) with ethanol and water; it can be seen that as the L e increases from 50 to 150 mm, the heat flux slightly decreases. In this study, when L e is very long, the boiling phenomenon approaches pool boiling, and at the pool boiling, low heat flux occurs at the evaporator section (Hsu 1962; Nimkon and Rittidech 2011; Cieslinski 2011) . On the other hand, at a short L e , the boiling phenomenon approaches boiling inside a confined channel at which high heat flux occurs (Reay and Kew 2006; Charoensawan and Terdtoon 2008; Bhuwakietkumjohn et al. 2012 ). However, this work gave lower heat flux when compared with that of Rittidech et al.'s (2010) who used water to receive heat from the condenser section due to the specific heat capacity being better than the air in this study.
Conclusions
From the results obtained, it can be concluded that:
The filling ratio had a slight effect on thermal performance of the THMCLOHP/CV. The thermal performance of the THMCLOHP/CV with L e of 50 mm was higher than the L e of 100 and 150 mm at a filling ratio of 50% when using R123 as working fluid.
The operating temperature had an effect on the heat flux of the THMCLOHP/CV; when the operating temperature was increased, the heat flux increased. The angle of inclination of THMCLOHP/CV affected the heat flux because of the gravitational head. It depended on fluid density, acceleration from gravity force and the length of tube. As the L e increases from 50 to 150 mm, the heat flux slightly decreases. The longer L e had occurred, the boiling phenomenon approaches pool boiling, and at pool boiling, a low heat flux occurs. It was further found that the physical properties (filling ratio, L e , angle of inclination and operating temperature) had effect on the ratio of heat transfer rates in normal operation, but the properties of the working fluid affected the heat transfer rate. 
